ABSTRACT

23
Iron is a critical nutrient for most microbial pathogens, and the innate immune system provides an excellent model for studying this response due to its high requirement for iron yet 53 well-documented ability to overcome iron starvation. Here we used label-free proteomics to 54 investigate the P. aeruginosa iron starvation response, revealing a broad landscape of 55 metabolic and metal homeostasis changes that have not previously been described. We further 56 provide evidence that many of these processes are regulated through the iron responsive PrrF 57 small regulatory RNAs, which are integral to P. aeruginosa iron homeostasis and virulence. 
76
As a pathogen with a substantial metabolic requirement for iron, Pseudomonas
77
aeruginosa is an ideal model to elucidate the metabolic adaption to low iron starvation and the 78 subsequent impact of this response on pathogenesis. P. aeruginosa is a Gram-negative 79 opportunistic pathogen of significant concern for hospital-acquired infections, diabetic foot 80 wound infections, and cystic fibrosis lung infections (8-11 
219
We also observed modest but significant increases in proteins that synthesize L-220 ornithine from glutamate and acetyl-CoA (ArgA, ArgB, ArgC, and AruC) (28) (Fig 2A, and 
221
Supplementary Materials, Fig S2A) . The idea that the cell is metabolizing glutamate to form L-11 ornithine is attractive, as the DTSB medium used for this study is supplemented with an excess 223 of mono-sodium glutamate as a nitrogen source, and ornithine is needed for pyoverdine 224 production (22). Interestingly, the ArcD L-ornithine/arginine antiporter, and ArgF, which 225 incorporates ornithine into the arginine biosynthesis pathway, were both significantly 226 downregulated in iron-depleted conditions (Fig 2A, and Supplementary Materials, Fig S2A) . and a SufE-like sulfur transport protein, PA3667, both of which were significantly upregulated in 268 low iron conditions (Fig. 4) . The upregulation of the SufE-like protein (PA3667) may be able to 269 compensate for the reduced levels of IscU in low iron conditions (Fig. 4B) PilN proteins in the alignment complex, the major pilus subunit PilA, and almost all of the minor 306 pillin subunits (Fig.6A) . Several of the proteins involved in the twitching-specific chemosensory 307 system, including PilG, PilH, and ChpC, are also upregulated in iron-depleted conditions 308 (Fig.6A ). To our knowledge, this is the first demonstration of iron-regulated levels of the proteins 309 involved in twitching motility.
310
The induction of twitching motility proteins in this experiment was particularly interesting with previous studies, the twitching diameter for wild type PAO1 was significantly larger under 316 low iron conditions than high iron conditions ( Fig. 6B and Supplementary Materials, Fig. S3 ).
317
Combined, these data demonstrate that increased twitching in low iron conditions is likely due to 318 increased levels of many components of the Type IVa pili machinery.
320
Proteomics reveals regulatory crosstalk between iron and zinc. As discussed above, iron which mediate the synthesis, secretion, and uptake of a novel opine metallophore involved in 328 zinc uptake (Fig 7A-B) 
339
Our results also showed significant upregulation of the zinc uptake regulator Zur, as well 340 as proteins encoded by several genes found to be upregulated in response to ∆znuA induced 341 zinc starvation (54). These include AmiA, encoding an N-acetylmuramoyl-L-alanine amidase 342 (55), and several uncharacterized proteins (PA5534, PA5535, and PA2911) (Fig. 7C) with the first experiment (see the heat maps in Fig. 1-7) , demonstrating the overall 373 reproducibility of our reported results. (Fig 5) , although it was unclear whether PrrF regulation was 388 occurring through regulation of one or both phzABCDEFG transcripts due to the high identity of 389 the encoded proteins. Lastly, we observed PrrF-dependent iron regulation of the zinc-390 responsive PA5535 and PA5534 proteins (Fig. 7) for the TCA cycle enzymes SdhC, PA4333, and PA0794 ( Fig. 1C-E) , none of which were 401 identified as sharing complementarity with the PrrF sRNAs in previous studies. We also 402 identified PrrF complementarity with the mRNA encoding IlvD, which catalyzes two distinct 403 reactions in the branched chain amino acid biosynthesis pathway (Fig. 2D) . We further 404 identified PrrF complementarity with the mRNA encoding CysD (Fig. 3C) , encoding the first step 405 in sulfate assimilation into cysteine, and at the 5' end of iscS (Fig. 4D) . The location of 406 complementarity at the 5' end of iscS is consistent with the discoordinate regulation of the Isc 407 proteins observed in our proteomics analyses (Fig. 4A,C-D) and is also consistent with 408 discoordinate regulation of the isc regulon in E. coli by the iron-responsive RyhB sRNA (7).
409
Lastly, we identified PrrF complementarity with the 5' UTR and into the coding region of the 410 PA5535 mRNA (Fig. 7D) , encoding a putative metal chaperone that is induced upon zinc 411 starvation (54, 60) and repressed upon iron starvation (Fig. 7B-C) . The location of 412 complementarity with the dksA-PA5535-PA5534 operon is consistent with the observed 413 discoordinate regulation of these proteins by iron and PrrF, as DksA2 levels were not affected 414 by iron or prrF deletion (Fig. 7B-C) was eliminated in the ∆prrF mutant, and the levels of these proteins were reduced in the ∆prrF 423 mutant as compared to wild type grown in low iron conditions (Fig 6C) . and derepression in ∆prrF (Fig. 4) 
584
ACQUITY UPLC system and analyzed on a coupled Waters Synapt G2S HDMS mass 585 spectrometric system. Spectra were acquired using a data-independent tandem mass 586 spectrometry with traveling wave ion mobility method termed ultradefinition MS e (UDMS e ).
587
Spectra were acquired using this ion mobility linked parallel mass spectrometry (UDMS e ) and 
